The flow field and the heat transfer around six in-line iso-thermal circular cylinders has been studied by mean of numerical simulations. Two values of the center to center 
I. INTRODUCTION
The fluid flow around bluff bodies is often subject of interest in theoretical and applied physics. Heat transfer around an array of circular cylinders involves a variety of engineering applications such as rod structure of the nuclear reactors, compact heat exchangers for electronic components and pin-fins heat exchangers for micro-devices (Ali Kosar and Peles 2005) . In the micro-devices the Reynolds number ranges between 10 − 200 and the flow is mainly two-dimensional (Carmo et al. 2010) . The flow characteristics play a key role in understanding how the array is able to enhance or decrease the heat exchange, the mixing layer or the unsteady body forces (Chatterjee et al. 2009 , Fornarelli and Vittori 2009 , Lo and Su 2012 , Lu et al. 2012 . Sreedharan et al. 2008 experiments, on different pin geometries, highlight that the heat transfer enhancement is related to the pin wake characteristics. In particular the vorticity dynamics and the vortex street formation around multiple bodies is strictly related to the wake interaction (Hanson and Ziada 2011 , Rinaldi and Padoussis 2012 , Ziada and Oengren 1992 .
The simple two cylinders configuration has been discussed extensively and it represents a starting point to study the flow around multiple bluff bodies (Ben Meftah and Mossa 2013 , Chan et al. 2011 , Jester and Kallinderis 2003 , Prasanth and Mittal 2009 , S. Mittal and Kumar 2001 , Sharman et al. 2005 , Sumner et al. 2000 . According to the literature, a well-known drag inversion separation has been identified. Considering two cylinders aligned with the flow direction and defining the distance between their centers, the drag inversion separation represents the distance for which the mean drag coefficient of the downstream cylinder switches from positive to negative value due to the suction effect of the upstream cylinder. A spacing larger than the drag inversion separation makes positive the downstream cylinder drag coefficient and a vortex shedding in the gap between the cylinders appears. This flow is induced by the influence of both the cylinders and it is called wake interference (Jester and Kallinderis 2003) . Sharman et al. 2005 studied numerically the flow around two tandem circular cylinders at Re = 100 for the spacing ratio between 2 and 10 finding the drag transition between 3.75 and 4. In this configuration Sumner et al. 2000 the flow field like a single bluff body. In SLR mode (1.2 − 1.8 < s/d < 3.4 − 3.8) the vortices shed by the upstream cylinder reattach at the downstream cylinder surface and evolve in a von Karman vortex street. For larger s/d than a critical value both the cylinders shed vortices at the same frequency and this mode is called SVS. Even though Sumner et al. 2000 investigated the flow at 850 < Re < 1900, recently Wang et al. 2010 founds, at low Reynolds numbers (Re = 60, 80, 100), the same flow patterns; moreover, at larger spacing ratio than the above-mentioned critical one, a new mode called the secondary vortex formation (SVF) has been discovered. The SVF mode is characterized by secondary vortex street in the wake of the downstream cylinder. A schematic of the vorticity patterns of the above-mentioned modes is reported in fig.1 as described in Wang et al. 2010 .
The flow dynamics of two cylinders highlight the strong dependence of instability by the geometry and the flow conditions, therefore its relation to multiple bodies configuration is not straight forward. The two cylinder configuration help the scientists and engineers to better understand the physical mechanisms that influence the bluff bodies -flow interaction, but practical engineering applications, i.e. tube bundle in heat exchanger, involve numerous bluff bodies arranged in different array. In literature several works extend the two cylinder configuration to multiple array, in particular the six in-line configuration has been studied.
More insight is provided by Liang et al. 2009 , Sewatkar et al. 2012 and Bao et al. 2012 that studied the flow characteristics of six in-line circular or square cylinders at low Reynolds number. They focused on the near wake flow structures omitting the analysis of the far wake structures. Liang et al. 2009 founds the critical spacing between 3.6 and 4 of the center to center distance for which the drag and lift coefficients of each cylinder change significantly.
In this paper we made richer the six in-line circular cylinders results, investigating by means of frequency analysis the time dependent cylinder forces and flow velocities showing the pattern topology of the far wake. Two modes called stable shear layer (SSL) and shear layer secondary vortices (SLSV) are found at 3.6 and 4 spacing ratio, respectively. Farther the cylinders has been heated and maintained at a constant temperature in order to study the effects of the fluid flow on the heat transfer. The forced convection is considered. In this case the flow is not influenced by the temperature since the buoyancy force is much smaller than the convective force. Considering the heat and mass transfer without buoyancy, two dimensionless control parameters exist, the Reynolds (Re) and the Prandtl (P r) number.
They are defined as:
where U 0 , d, ν and κ are, respectively, the inflow velocity, the cylinder diameter, the kinematic viscosity of the fluid and its thermal diffusivity. In these hypotheses the temperature is a scalar quantity transported by the flow field with a proper diffusivity term that depends on the Prandtl number. In this paper we used air as working fluid with a Prandtl 
II. GOVERNING EQUATIONS AND NUMERICAL METHOD
The dimensionless two-dimensional incompressible Newtonian Navier-Stokes reads:
∂T ∂t
The stream-wise and transverse directions of the Cartesian reference frame are defined as x and y, respectively. The dimensionless velocity vector is u = (u, v) with u and v the stream-wise and the transverse velocity components, respectively. The dimensionless pressure, temperature and time are, respectively, p, T and t. Direct numerical simulations has been considered by mean of Gerris numerical code described in Popinet 2003 and Popinet 2009 . The equations (2), (3) are solved using a classical fractional step projection method.
The advection terms in the equations (2) and (4) of Chan et al. 2011 , Park et al. 1998 , Sharman et al. 2005 , Ding et al. 2007 (see table II ).
The results are in agreement with the data in literature. Thus, the grid resolution of grid 2 is the best compromise between computational cost and accuracy.
B. Flow around two tandem cylinders
As described in the introduction the flow around multiple bodies implies a flow field that could be completely different compared to the flow around a single body. Especially in the inline configuration the upstream body influences the flow dynamics on the downstream ones.
In Sharman In figure 6 the instantaneous vorticity contours for a spacing ratio equal to 3.6 and 4 are shown. For a 3.6 spacing ratio (figure 6a) there is a quasi-steady recirculation flow in the gap between the cylinders 1 and 2. On the other hand, starting from cylinder 2 to cylinder 6, the vortex shedding can be distinguished.
In figure 7 the time series of the vorticity and of the velocity components collected by the probe 1 and the probe 5 are shown. The vorticity time series in the gap between cylinder 1 and 2 (probe 1) has a sinusoidal behaviour with an amplitude smaller than those recorded in the gap between cylinder 5 and 6 (probe 5) where the vortex shedding strongly affects the flow field (see figure 7a) . Therefore, the negative stream-wise velocity component in probe 1 confirms the presence of a quasi steady recirculation flow between cylinder 1 and 2 (see figure 7b ). The force components have been computed for each cylinder as dimensionless force coefficients: lift , C L , and drag C D .
In figure 8a the amplitude spectra of the C L for a spacing ratio of 3.6 is shown. For all the cylinders the main shedding frequency is equal to 0.106 . A high secondary frequency at St = 0.316, equal to the third harmonic of the above mentioned main frequency, can be distinguished on cylinder 5 with very narrow band-width. These small structures, coming from upstream region (probe 4), are dissipated behind the last cylinder (probe 6). Looking at figure 6a, the case at 3.6 spacing ratio reveals, in the wake of the last cylinder, two rows of counter-rotating shedding vortices. We call this mode: stable shear layer (SSL) mode.
For a spacing ratio of 4.0 different flow patterns can be distinguished respect to the case at 3.6 (see figure 6b) . The vortex shedding takes place at the upstream cylinders (1 -2) This low frequency peak is generated by the flow field instability in the wake region. The vorticity pattern in the wake region (see fig.6b ) highlights that the two shear layers take place at the cylinder 3 and the cylinder 4 and they slip along the downstream cylinders.
After about 10d downstream the last cylinder (6) the shear layers become unstable and a secondary wake starts to shed vorticity at a low frequency respect to the shedding frequency of the upstream cylinders. We call this mode shear layer secondary vortices (SLSV) mode. to 0.7 has been considered in order to reproduce the heat transfer for a fluid with air thermal diffusivity. For all the simulations the temperature of the cylinders (T * w ) and the temperature of the inflow (T * ∞ ) has been kept constant. The dimensionless temperature is defined as T = (T * − T * ∞ )/(T * w − T * ∞ ). Being the thermal boundary layer thicker than the viscous one (δ ν ∼ Pr δ T ) no grid modification has been required. In order to check the correctness of the boundary layer resolution near the cylinders, in fig.11 the instantaneous dimensionless velocity and temperature profiles above the first cylinder for s/d = 4 have been reported, where y, u and T are the dimensionless transverse coordinate, stream-wise velocity component and the temperature, respectively. As follows in fig.17a , the first cylinder has the highest average Nusselt number, thus the thinnest boundary layer is expected to be there. Within the thermal and viscous boundary layer thickness, there are at least 10 grid points (see fig.11 ).
The heat flux transferred from the solid body to the flow can be calculated as the conductive heat exchange at the solid wall being the fluid velocity at the wall equal to zero:
where k is the thermal conductivity, θ is the polar angle respect to the center of the cylinder, ∂T * /∂n * and ∂T /∂n are the dimensional and the dimensionless temperature gradient normal to the cylinder surface, respectively.
It has to be equal to the convective heat flux per unit length transferred that reads:
with h θ the local convective heat transfer coefficient. Comparing eq.5 and eq.6:
The local Nusselt number represents the dimensionless local heat flux:
The mean (surface-averaged) Nusselt number along the cylinder surface is defined as follows:
How the spacing between the cylinders affects the heat exchange? The unsteady behaviour of the flow field due to the oscillating vorticity behind the cylinders affects the heat transfer. The vorticity field influences the temperature distribution of the fluid in the near field (see fig.12 ). In fig.13 at s/d = 3.6 a counter phase shedding can be distinguished (see fig.6 ). Otherwise, the where the distance from the origin represents the mean Nusselt, whereas the angular position is the phase shift respect to the first cylinder. In order to measure the phase shifts, we verified that all the cylinders have the same main frequency. According to the power spectra of the mean Nusselt number of each cylinder, the heat transfer signal has one main frequency equal to 0.21 and 0.279 for a value of the spacing ratio of 3.6 and 4, respectively.
Looking at the time series of the mean Nusselt number for each cylinder, fig.16 and fig.17b , qualitatively, the phase shift between the different signals seems to vanish changing the spacing ratio from 3.6 to 4. The phase shifts at s/d = 3.6 are homogeneously distributed in the polar diagram respect to s/d = 4, for which the most part of the cylinders has the same phase shift. It suggests that the phase shifts of the mean Nusselt number can be related to the heat exchange efficiency. Indeed this results find a theoretical approach about the mechanism of counter phase shedding: the counter phase shedding causes a phase shift of the mean Nusselt number, while an in phase shedding leads to a zero phase shift of the mean Nusselt number. It is worth noting that the N u tot = ( 6 ı=1 N u ı )/6 for a spacing ratio of 3.6 is about 25% higher than those at a spacing ratio of 4 ( fig.18) . 
V. CONCLUSIONS
The numerical simulations of the flow around six in-line iso-thermal circular cylinders at Re = 100 for two values of the spacing ratio (3.6 and 4) is presented. Between the spacing ratios 3.6 and 4 a flow pattern transition is found. Long term and large domain simulations reveals at both the spacing ratio (3.6 and 4) there are a main frequency and one high secondary frequency in the amplitude spectra of the lift coefficient. In particular, for a spacing ratio of 4, one low secondary frequency has been found near the cylinder 6 (see fig.10 ). This lowest secondary frequency depends on a secondary vortex street in the far wake region.
Two new flow modes are classified for six in-line circular cylinders configuration at a Re = 100. Stable shear layer (SSL) mode and shear layer secondary vortices (SLSV) mode. The former occurs at 3.6 spacing ratio, where the shedding vortices coming from the downstream cylinder merge in two stable parallel shear layer rows that are dissipated due to viscosity.
At a spacing ratio of 4 the flow is organized in the SLSV mode for which the shear layers become unstable in the far wake region producing a secondary vortex street. The SLSV mode provides clear evidence that the drag is reduced up to 30% with respect SSL mode.
The overall heat exchange is heavily affected by the spacing ratio at the transition. In fact, at 3.6 spacing ratio, the flow pattern induces the mixing of cold flow near the heated cylinders 3, 4, 5 and 6 increasing their local Nusselt numbers respect to the case at a spacing ratio of 4. For the same reason, cylinder 2 has an higher Nusselt number for a spacing ratio of 4 respect to the 3.6 case. The oscillating dynamics of the time series of the local Nusselt number states that the higher phase shift between the different cylinder, the higher heat exchange on the cylinder is. It is worth noting that the overall heat exchange increase of 25% reducing the spacing ratio from 4 to 3.6.
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